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ABSTRACT 
Alam, Md. Saiful, M.S., Department of Earth and Environmental Sciences, Wright State 
University, 2018. Interpretation of a Seismic Reflection Survey and Geophysical Well Logs in 
Jay County, Indiana: Orientation and Composition of a Carbonate Layer Below the Mount 
Simon Sandstone. 
 
In August 2017, a dynamite-sourced 2D seismic reflection survey was conducted along a 
gravel road northwest of Portland, Indiana. The main focus of the survey was to determine the 
orientation of a lithologic unit previously identified by Welder (2014) on a similar 2D seismic 
reflection survey in the same area. Drillers logs of two wells within this area identified a 
limestone layer below the Mt. Simon Sandstone, and a similar limestone layer was identified in a 
well drilled in Clark County, Ohio. As the focus of this study, this limestone layer will be 
informally named the ‘Votaw limestone’. The seismic line studied by Welder (2014) was 
oriented west-east; the seismic line utilized in this study is oriented north-south and crosses the 
previous one. Together, these seismic lines allow the true orientation of the Votaw limestone to 
be determined.  
Geophysical logs from nearby wells and two distant ones (north central Indiana and western 
Ohio) were used to produce synthetic seismograms which together with drillers logs were used 
identify the top of Eden, Trenton, Knox, Eau Claire, Mt. Simon, and Middle Run formations. 
The top of the Votaw limestone was associated with a reflection in the seismic data using the 
synthetics and the drillers logs for the nearby wells. Importantly, where the Middle Run 
iv 
 
Formation exists, the Votaw limestone occurs below the top of the Middle Run. The Votaw 
limestone is horizontal in both north-south and west-east seismic lines, confirming that it is truly
horizontal in this area. This limestone could be present beneath the Middle Run in Warren 
County, Ohio, based on similar seismic characteristics of reflectors.
 The pre-stack CDP’s were used to analyze the Amplitude Variation with Offset (AVO) 
response of the limestone layer. The limestone reflector primarily exhibited a negative gradient 
with some variations suggesting an impurity of the limestone. 
The limestone reflector in the area is parallel to the overlying Paleozoic reflectors suggesting 
the lack of any Grenville deformation. For all these reasons, the site could be a prime candidate 
for drilling and coring of the entire lithologic sequence beneath the Mt. Simon Sandstone. 
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1. INTRODUCTION 
 The two Binegar wells (141770 and 141771) drilled in Jay County, Indiana during the 
1940’s penetrated the entire thickness of the Mount Simon Formation. Beneath the Mt. Simon 
the drillers encountered lithic arenite and what was then identified as marble. Later, the lithic 
arenite found in Binegar well was reinterpreted as the Middle Run Formation (Drahovzal, 1992; 
Droste, 2009).  In this study, I will also refer the top of lithic arenite as the “top of Middle Run”, 
even though it is not confirmed as a Middle Run equivalent.  
Analysis of cuttings from drilling, carried out by the Indiana Geological Survey, identified 
the ‘marble’ found beneath the lithic arenite as limestone. My observation in Indiana Geological 
Survey also confirmed that the cuttings are limestone. The limestone is medium to fine grained, 
gray in color, but I also found some other minerals (quartz) in the cuttings. The limestone layer 
will be informally designated as “Votaw limestone” in this study, a name originating from a 
stream (Votaw Ditch) near the Binegar well site. This discovery of limestone is interesting since 
there is only one other location in the broader region where limestone is found beneath the Mt 
Simon Sandstone, that being the Matttinson#1 well (Permit D-2) in Clark County, Ohio where 
800 feet of black limestone was encountered beneath Mt. Simon, (Wasson, 1932). To map this 
limestone layer, Jennifer Welder, a student of Wright State University analyzed an E-W 2D 
seismic line collected in August 2013 by WSU faculty and students near the Binegar wells. She 
showed that the limestone layer is horizontal in E-W direction. The present study is to examine 
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the orientation and extent of this limestone layer through analysis of an additional N-S orientated 
2D seismic line collected in the summer of 2017. 
Prior to the drilling of DGS 2627 in southwestern Ohio which encountered the Middle Run 
Formation (Shrake, 1990), only metamorphic and igneous rocks were thought to underlie the Mt. 
Simon Sandstone that represents the basal sandstone of the Cambrian transgression onto the 
North American craton. Because of this, the drillers of the Binegar wells misinterpreted the lithic 
arenite and marble encountered below the Mt Simon Sandstone as necessarily part of the 
crystalline Precambrian basement. About 50 years after the drilling of Binegar wells; a new lithic 
arenite unit was proposed beneath the Mt. Simon Sandstone (Shrake, 1990), mostly in SW Ohio 
and neighboring Kentucky. 
1.1. Discovery of Middle Run Formation 
During the drilling of a stratigraphic reference core (DGS 2627) by the Ohio Geological 
Survey, a new sedimentary unit was observed just below the Mt. Simon Sandstone lying at a 
depth greater than 3470 feet (1058 m). Prior to the drilling of DGS 2627 the pre-Mt. Simon 
interval was thought to be composed of metasedimentary rocks, arkose, granite and rhyolite 
(Summerson, 1962, and Owens, 1967). The new unit is composed of thick bedded, red to gray, 
fine to medium grained sub angular to sub-rounded lithic arenite with minor siltstone and shale 
(Shrake, 1990).  
Initially, the unit was considered to be an unrecognized facies of the Mt. Simon 
Sandstone (Shrake and Hansen, 1989). However, it was later defined as a new stratigraphic unit, 
the Middle Run Formation, after it was cored for a few hundred meters with no major change in 
lithology. This was further substantiated by a seismic reflection survey which showed the Middle 
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Run Formation as the upper part of a dipping layered sequence beneath the Paleozoic 
sedimentary rocks (Shrake, 1990).  
Since the discovery of the Middle Run Formation, sequences of similar lithic arenites 
have been recognized or discovered in several deep wells in Ohio, Indiana and Kentucky. 
Research by the Cincinnati Arch Consortium indicated that rocks of similar lithology are likely 
widespread in the eastern Midcontinent (Drahovzal et al., 1992).  Drahovzal (2004) discovered 
lithic arenite interbedded with mafic and felsic volcanic rocks in Kentucky. However, a pair of 
wells (Binegar 141771 and 141770) drilled in Jay County, Indiana and one well (Mattinson#1) in 
Clark County, Ohio are the only two sites in the region where limestone is observed in addition 
to lithic arenites below the Mt. Simon Sandstone. 
1.2. Origin of Middle Run Formation 
There are three different hypotheses regarding the origin of the Middle Run Formation: 
(1) an East Continent Rift Basin, (2) a Grenville foreland basin, or (3) a combination of both.  
In the first hypothesis, an East Continent Rift basin is described as a depression 
containing Mesoproterozoic sedimentary and volcanic rocks (Drahovzal et al., 1992). The basin 
is viewed as likely the southward extension of the Midcontinent Rift System (MRS) or 
Keweenawan Rift from Michigan into eastern Ohio (Drahovzal, 2004). The possible areal extent 
of the East Continent Rift Basin is shown in Figure 1. 
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Figure 1 - The extent of the East Continent Rift Basin; abbreviated as ECRB; in Ohio, Indiana, and 
Kentucky (Drahovzal, 2004). 
 
The second hypothesis proposes a foreland basin situated west of the Grenville Front in 
western Ohio (Hauser, 1993). The Grenville Front or the Grenville Front Tectonic Zone (GFTZ) 
separates the metamorphic rocks of the Grenville Province in the east from the older granitic 
igneous rocks of the Eastern Granite Rhyolite Province to the west. The presence of a foreland 
basin (Fig. 2) was proposed by Hauser (1993) based on both the Consortium for Continental 
Reflection Profiling (COCORP) line OH-1 and the short seismic line in southwestern Ohio 
(Shrake, 1991) where the Middle Run Formation was originally discovered. 
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Figure 2 - Annotated and interpreted versions of COCORP OH-1 Seismic Reflection Line from west 
central Ohio. Interpretation signifies potential foreland thrust structures and ramp anticlines. GR=Granite 
Rhyolite Province. GFTZ= Grenville Foreland Thrust Zone (Hauser, 1993). 
 
 The third hypothesis combines both ideas. This hypothesis associates some of the lithic 
arenites with the East Continent Rift Basin and some with the Greenville Foreland Basin 
(Hauser, 1996; Baranoski, 2009). According to Hauser (1996), a continuation of the 
Keweenawan Rift System was remobilized as the locus of the Grenville Front in Ohio, which can 
explain why the Grenville Front abruptly changes direction to a more N-S orientation about 
where it encounters the Midcontinent Rift in Michigan. In this model, the lithic arenite 
encountered in wells could be associated in various places with either or both processes. 
Baranoski et al. (2009) reinterpreted the COCORP OH-1 profile and created a 
generalized model (Fig. 3) for the latter part of the Grenville Orogeny and the relative timing of 
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the formation of a ‘Fort Wayne Rift’ and East Continental Rift System with respect to the 
Grenville Orogeny. 
 
Figure 3 - Model showing the East Continent Rift System and foreland basin development interpreted by 
Baranoski (Baranoski, 2009). 
 
1.3. Structural Setting of Indiana 
 Indiana is located in the southern part of North American craton. It is bordered on the 
north by the Michigan basin and on the southwest by the Illinois basin.  The Indiana region has 
seen minor tectonic activity since development of the ~1 Ga Midcontinent Rift to the north and 
Grenville Province to the east within the Precambrian basement. The Precambrian cratonic rocks 
are igneous (Eastern Granite Rhyolite Province) and metamorphic (Grenville Province) which 
are overlain by sedimentary rocks of the Paleozoic platform cover which vary in thickness from 
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3500 feet across the Cincinnati and Kankakee Arches to more than 20,000 feet in the Illinois 
Basin (Rupp, 2011).  
The Cincinnati Arch generally parallels the Indiana-Ohio border but lies mostly in Ohio 
(Fig. 4). The Cincinnati Arch splits into its continuation as the Findlay Arch to the north and the 
Kankakee Arch across northern Indiana (Hansen, 1997). The Kankakee Arch crosses northern 
Indiana and connects to the Wisconsin Arch (Fig. 4) exhibiting a structurally low bordered by the 
Royal Center Fault near Logansport in Northwestern Indiana (Schaffer, 1981).   
   
 
Figure 4 - Tectonic features of Indiana (Rupp, 2011). 
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Although these arches seem to be formed as a result of regional uplift, it is in reality the 
subsidence of surrounding basins that resulted in these positive features (Hansen, 1997). 
Sedimentary rocks dip from the crests of the arches into the neighboring basins at 25 to 60 feet 
per mile, with steeper dips approaching the center of the basins (Schaffer, 1981). 
 
 
1.4. Stratigraphy of the Area 
Polly (2012) constructed a generalized stratigraphic column of Paleozoic rocks of Indiana 
which is shown in Figure 5. Using data from boreholes Gutstadt (1958) drew a large scale 
stratigraphic cross section of Indiana oriented northwest to the southeast (Fig. 6). This cross 
section contains those stratigraphic units that are discussed and picked in the seismic sections of 
this study. 
The oldest stratigraphic unit that a top was picked for this study is the Middle Run 
Formation. It is not confirmed whether the lithic arenite found in the Binegar well beneath the 
Mt. Simon Sandstone is Middle Run, but we will use the term Middle Run to refer to the lithic 
arenite. The Middle Run in its type locality is composed of thick bedded to massively bedded, 
red to gray, fine to medium grained sandstone with minor silt and shales (Shrake, 1990). The 
Middle Run Formation is recognized from Putnam County in northwestern Ohio to Jessamine 
County in central Kentucky (Drahovzal et al., 1992). 
The oldest known formation of the Paleozoic platform cover in Indiana is the Mt. Simon 
Sandstone. It consists of poorly sorted fine grained to very coarse grained quartz sandstones 
(Droste and Patton, 1986). The thickness of the Mt. Simon ranges from more than 300 feet in 
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eastern Indiana to more than 2000 feet (~610 m) in northwestern Indiana (Droste and Patton, 
1986). 
The Mt. Simon is conformably overlain by the Eau Claire Formation, which consists of 
various rock types: dolostone, feldspathic, and partly glauconitic siltstone; very fine grained to 
fine-grained, generally well sorted sandstone; maroon and dark-brown micaceous shale; silty 
dolostone; and oolitic limestone. The Eau Claire Formation ranges in thickness from about 400 
feet (~120 m)in northeastern Indiana to more than 1,000 feet (304 m) in southwestern Indiana 
(Droste and Patton, 1986).  
Above the Eau Claire Formation lies the Knox Dolomite, consisting of gray to white 
dolostones that thin northward (Schaffer, 1981). The Knox ranges in thickness from less than 20 
feet (6 m) to more than 4,500 (1371 m) feet in southwest Indiana (Gutstadt, 1958).  
The Trenton Limestone, which overlies the Knox Dolomite, at one time was the major oil 
and gas reservoir in east-central Indiana and western Ohio. The Trenton is tan to light tannish 
gray to medium tannish gray (Keith, 1986) and becomes increasingly dolomitic in northern 
Indiana. It ranges in thickness from 225 feet (69 m) or more in northeastern Indiana and 
decreases in thickness to about 25 feet  (~8 m) in southern Indiana (Gutstadt, 1958). 
The youngest formation that is present in the study area is the Eden Shale and also known 
as the Kope Formation, Southgate, or Economy Formation. The Eden Shale includes bluish to 
brownish gray shale that outcrops in southeast Indiana. It also has some dark-brown to nearly 
black shales which are found in subsurface only (Gray, 1986). Its thickness ranges from 300 to 
400 feet (91-122 m) (Gray, 1986). 
10 
 
 
Figure 5 - General Stratigraphic Column for Paleozoic Rocks in Indiana (Polly, 2012) 
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1.5. Previous Study  
 The first 2D seismic line (WSU-2013) collected near the Binegar wells by Wright State 
faculty and students in the summer of 2013, was originally described and interpreted in the MS 
thesis of Welder (2014).  WSU-2013 (Fig. 7) is about 1.5 miles long and located on the E-W 
road named W500N, a few miles northwest of Portland, Indiana. Precision Geophysical provided 
the sources (seismic charges and shooting) for this shallow shot-hole seismic line. That original 
study (Welder, 2014) was to investigate the limestone layer beneath the Mt. Simon Sandstone in 
the nearby Binegar wells.  
 
 
Figure 7 - The Location of WSU-2013 seismic line is shown in orange color. The location of the two 
Binegar wells are marked. 
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 The Wright State truck-mounted drill rig augered shot holes nominally 5 feet deep every 
82.5 feet, with some less accessible sites drilled with a backpack drill provided by Precision 
Geophysical. The shot holes were loaded with single 90 gram seismic charges, backfilled and 
tamped. The seismic line consisted of 110 shot holes and 74 geophone arrays. The line was 
processed by Tom McGovern of Seismic Earth Resources Technology (SERT) (see Chapter 2.1 
Data Processing).  
Wireline logs, located within 10 miles of the seismic line, were used to generate 
synthetics by Welder (2014), who identified (picked) formation tops from the processed seismic 
data with the help of synthetic seismogram and lithologic descriptions from the Binegar wells. 
She picked the top of the Middle Run Formation at a depth of roughly 3,300 feet. That and the 
other formation tops are shown in Figure 8.  
The limestone layer beneath the Middle Run Formation is identified in Figure 9 as lying 
about 50 feet below the top of the Middle Run Formation at a depth of about 3,380 feet (Welder, 
2014). Considering the seismic impedance, she selected a positive reflection as a boundary 
between lithic arenite and limestone lithologies. 
A new depth conversion of the original WSU-2013 seismic line produced a different 
image than that of Welder (2014). In the new depth section, the horizon that she identified as the 
Mt. Simon Sandstone lies at a depth of around 3400 feet, and this puts the Middle Run lithic 
arenite at 3700 feet and the limestone layer at 3750 feet. These depths are not in agreement with 
the driller’s log of the two Binegar wells. So, the present study presents a new interpretation of 
the previous WSU-2013 seismic line combined with the new N-S seismic line collected in 2017 
(WSU-2017) which crossed the previous line (Fig. 10) to examine the pre-Mt. Simon strata. 
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Figure 9 - Enlarged portion of the WSU-2013. The Mt. Simon, Middle Run and the limestone layer are 
labeled in the figure. The Binegar Well 141771 is projected on the seismic section (Welder, 2014). 
 
1.6. Data Acquisition 
 The location of the new seismic line, WSU-2017, (Fig. 10) was selected to further 
examine the nature and extent of the Votaw limestone which appears to be flay-lying on the 
WSU-2013.  The N-S orientation allows one to determine if there was any N or S dip of the pre-
Mt. Simon strata. The new line was along road N550W and crossed the previous WSU-2013 line 
near its western end. The new line was collected by Wright State University faculty and students 
with the support of Precision Geophysical for the seismic sources; and like the previous line it 
was courtesy processed by Tom McGovern of Seismic Earth Resources Technology (SERT). 
 WSU-2017 is 1.5 miles (2.6 km) long. The recording spread comprising 144 live 
channels at 55 feet spacing. The Wright State truck-mounted drill rig augered shot holes 
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nominally 5 feet deep every 110 feet. A backpack drill provided by Precision Geophysical was 
used to auger the less accessible shot holes. Seismic charges of 90g were provided by Precision 
Geophysical. Like the 2013 line, the new line was processed by Tom McGovern of Seismic 
Earth Resources Technology (SERT). 
 
Figure 10 – The WSU-2017 seismic line is N-S (red line) oriented and crossed the previous WSU-2013 
seismic line (orange line) near the west end of the latter. The two Binegar wells are also shown as white 
circles. 
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2. METHODOLGY 
2.1. Data Processing 
Tom McGovern of Seismic Earth Resources Technology (SERT) processed the seismic 
line using the field data supplied by Wright State University. The processing sequence of the 
final section is listed below, with the fully processed stacked section shown in Figure 11.  
1. Demultiplexing  
2. Shot/Trace Edits   
3. Geometry   
4. Geophone De-Phase   
5. Surface Consistent Deconvolution   
6. Spherical Divergence Gain Recovery   
7. Resample   
8. Sort into CDP Gathers   
9. Datum Corrections   
10. Zero-Phase Spectral Balancing   
11. Velocity Anlaysis-3 passes   
12. NMO Correction   
13. Muting   
14. Filtering: Zero Phase   
18 
 
15. Trace Balance   
16. Surface Consistent Statistics    
17. CDP Trim Statics   
18. Common Depth Point Stack   
19. FX Convolution   
20. Migration   
21. Frequency Domain Balancing 
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2.2. Depth Conversion 
 Promax software was used to convert the time domain seismic image into depth domain 
seismic image. Two of the following processors were used for the conversion- 
1. Velocity Manipulation – This processor is used to convert the RMS, interval or 
average velocities in time or depth domain into any other type of velocity 
function. For this project I used the stacking velocities of different CDP’s to get 
the interval velocities by using the Dix Equation:   
                    𝑉𝑛 = [(𝑉𝑛2𝑡𝑛 −𝑉𝑛−12𝑡𝑛−1)/ (𝑡𝑛 − 𝑡𝑛−1)]1/2  
Where 𝑉𝑛−1 and 𝑉𝑛 are the stacking velocities from the datum to reflectors above 
and below the layer and 𝑡𝑛−1 and 𝑡𝑛 are reflection arrival times (SEG Wiki). The 
stacking velocities for the CDP’s are provided by Tom McGovern. 
2. Time/Depth conversion – This processor was used to make the depth conversion 
using the interval velocities Promax calculated from the velocity manipulation 
processor. The final output is a seismic image (.sgy file) in depth domain which is 
then uploaded to IHS Kingdom for interpretation. 
The depth conversion was performed for both the older and newer seismic line (Fig. 12 
and 13). In doing so, significant changes in depth were observed below 2400 feet (732 m) in the 
WSU-2013 seismic line (Fig. 12). In this new depth converted seismic file the layer that Welder 
(2014) picked as the top of Mt. Simon lies at a depth of 3400 feet  (1036 m) which is inconsistent 
with the driller’s log. So, this study also reinterprets the WSU-2013 line.  
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There is also an issue of mistie (Fig. 14). Theoretically, reflections in two stacked seismic 
lines should match or tie at the point that the lines cross. Both lines match to a depth of 2400 feet  
(732 m)  (Fig. 15). Below this depth, however, there are several misties. There are several 
reasons behind these misties. Unlike WSU-2013 the reflection and the refraction signals did not 
always reach the end of the line in the WSU-2017. As a result, the refraction static solution 
applied to WSU-2017 is different from the static solution applied to WSU-2013. Near surface 
velocity variation is different in both lines. Also, the high fold portion of the new seismic line 
crosses the low fold portion of the older seismic line. These all may have been the contributing 
factor behind the misties.  
 
Figure 14 - Two crossing seismic section. An orange arrow indicating north is placed at the bottom to 
separate the N-S WSU-2017 line from the E-W WSU-2013 line. 
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Figure 15 – Enlarged portion to better observe the misties. The red arrow indicates the depth below 
which several misties occur. The mistie locations are enclosed in a blue box. An arrow indicating north is 
placed at the bottom to separate the N-S WSU-2017 line from the E-W WSU-2013 line. 
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2.3. Well Log Interpretation 
 To pick the top of different formations on the seismic image several geophysical well 
logs were used. For this study, I used the same six logs that were incorporated in the earlier study 
(Fig. 16). This would help to compare the interpretations of this study with the earlier one. These 
wells were within a 10-mile (16-km) radius of the study. All the well logs were downloaded 
from the Indiana Geological Survey (IGS) Petroleum Database Management Systems (PDMS) 
website, which had digitized sonic and density logs (.txt file) available.  
 
Figure 16 - Location of six nearby wells used in the study. The location of the two seismic lines and the 
two Binegar wells (red circle) are shown. 
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None of the six nearby well logs studied penetrated the Mt. Simon although they could 
provide information about the overlying Paleozoic strata. The two Binegar wells did penetrate 
the Mt. Simon but no electric logs were run. Two wells a considerable distance from the seismic 
lines were used to assist picking the deeper formations, well (IGS 147749) in Wabash County, 
IN and a well (3400320067) in Allen County, OH (Figure 17). The Wabash well IGS147749 is 
located 47 miles (76 km) NW of the seismic lines. The PDMS database only had the digitized 
sonic log (.txt file) for this well. The IHS Kingdom software was used to create a density log 
from the digitized sonic log. The Standard Oil well in Allen County, OH, is 51 miles (82 km) NE 
of the seismic lines and only had a density log, so a sonic log was created from the density log 
using IHS Kingdom software.   
 
Figure 17 - Location of the Wabash well (top left red star) and Standard Oil Co. well (top right red star) in 
relation to the Jay County wells and the two seismic lines. 
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3. INTERPRETATION 
3.1. Synthetic Seismogram Generation 
 Several steps are involved in the production of a synthetic seismic trace from sonic and 
density logs. The seismic data in depth domain are uploaded into the IHS Kingdom software 
with CDP coordinates read from the trace headers. All the wireline logs are uploaded into the 
software with the coordinates of each well being those retrieved from the IGS website along with 
other information like elevation, total depth, etc. The sonic and density logs (.txt files) are then 
imported for the corresponding wells. The seismic source signature and these well logs are then 
used to generate synthetics. Synthetic seismograms represent the calculated seismic responses 
from various layers of earth revealed by variation in acoustic impedance. The module SynPAK 
in IHS Kingdom was used to generate the synthetics using the following sequential steps:   
• Create an impedance log from the uploaded sonic and density logs for each well.   
• From the impedance log, the SynPAK module computes reflection coefficients. 
• Extract the wavelet from the seismic data.     
• Convolve the extracted seismic wavelet with the reflection coefficients. Each reflection 
coefficient will have a distinct wavelet packet- having an amplitude proportional to the 
strength of the reflection coefficient.  
• Sum all individual wavelets to yield a synthetic seismic trace. 
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3.2. Wavelet Extraction 
 One of the important steps in creating synthetics is the extraction of the source wavelet 
from the seismic data. There are several ways one can extract a wavelet in the IHS Kingdom. I 
used the option where one can select all the traces within a polygon on a map view of a seismic 
line. The polygon was drawn to select the traces within a specified time window. The computed 
zero phase wavelet excluded the low fold CDP’s. For WSU-2013 seismic line, the wavelet was 
extracted between CDP 240-310 (Fig. 18). For WSU-2017 seismic line, the wavelet was 
extracted between CDP 260-440 (Fig. 19). Any impulsive seismic source produces minimum 
phase wavelet. In a minimum phase wavelet, the impedance boundary is located where the signal 
changes from positive to negative or vice-versa. It is much easier to pick boundary in a zero 
phase wavelet, where the boundary lies at its maximum displacement. So, a phase conversion is 
done in the processing of the seismic data to get zero phase wavelet. The extracted zero phase 
wavelets are then convolved with the computed reflection coefficients to create synthetic seismic 
traces. These traces will allow the picking of formation tops in the seismic sections based upon 
the well information. 
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Figure 18 Wavelet extracted from the WSU-2013 seismic line. 
 
 
Figure 19 - Wavelet extracted from the WSU-2017 seismic line. 
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3.3. Analysis of Formation Tops 
 Each formation had different and characteristic responses in the well logs that aid in their 
identification in the seismic section, provided a given well log is deep enough to reach the 
formation of interest. The response of each formation to different well logs is described below:  
• The shallowest formation picked in the study area is the Eden Shale. It showed a low 
velocity response and is selected as a negative reflection.  
• The Trenton Limestone was the easiest to pick in the seismic sections. The top of this 
formation represents a boundary the Trenton Limestone and the overlying shale. This 
change in lithology produced a decrease in gamma ray and a sharp increase in the sonic 
and density log which in turn produces a strong positive reflection.   
• The next formation picked was the Knox. Overlying the Knox is the Glenwood 
Formation, which is made up of interbedded shale, dolomite and limestone. The 
similarity of the lithology of these formations obscured the top of the Knox in the 
synthetic trace. The top of Knox is marked by a slight decrease in the density and 
velocity log. 
• The Eau Claire Formation was picked using the driller’s log of the two Binegar wells. 
Synthetics were of no help because none of the nearby wells reached the Eau Claire 
except the well IGS 134401. In the synthetics created using this well the top of this 
formation is observed as a decrease in both sonic and density values. The Wabash well 
and the Standard Oil Co. well also helped in verifying the synthetic characteristics of the 
formation. 
• None of the well logs used penetrated the Mt. Simon. So, the drillers logs of the two 
Binegar wells were used to pick the top of this formation. The Wabash well did encounter 
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the Mt. Simon, but the distance of the well from the seismic line precludes positive 
identification. The synthetics generated using Wabash well and Standard Oil Co. showed 
no distinct log responses, except the gamma ray log, which shows a decrease in gamma 
ray. The Mt. Simon produced a negative reflection in synthetics. 
• The Middle Run was picked using the expression seen in the Standard Oil Co well. In the 
Standard Oil Co. well, the top of Middle Run is identified at a depth of 3005 feet (depth 
from KB elevation) based on the core description of the well (Jansen, 1973). The Middle 
Run for the Standard Oil Co. well produced a positive reflection in synthetics.  
 
 
3.4. Comparison of Synthetic to Seismic 
 In this section, the synthetic traces and the seismic sections are displayed side by side for 
picking horizons. The quality of synthetic depends on the quality of the well log, the amplitudes 
of side lobes of extracted wavelets, and the success or otherwise of extracting a representative 
wavelet from noisy data.  
All the six nearby wells had digitized sonic and density logs available. The Wabash well 
(IGS 147749) had only the digitized sonic log. The density log was created using the Kingdom 
software. The Standard Oil Co. well from Allen County, Ohio had the digitized density log. The 
Kingdom software was used to create a digitized sonic log. 
In Figure 20, 21 and 22 synthetic seismograms from three well IGS 134404, IGS 141330 
and IGS7 153115 respectively are displayed to compare them with the WSU-2013 seismic line. 
The synthetics created using the Wabash well and the Standard Oil Co. well are shown in Figure 
32 
 
23 and 24 to aid in picking horizons from WSU-2013. All the other synthetics are included in the 
appendix.  
All the synthetics generated using the six nearby wells had a reasonable tie to seismic 
section. The correlations of synthetics generated using the Wabash and the Standard Oil Co. well 
are less credible due to large lateral distance. 
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3.5. Picking Horizons 
 There are six formation tops identified in the study area. None of the six wells within a 
10-mile (16-km) radius of seismic lines, penetrated through the entire Eau Claire or reached the 
Mt. Simon. So, the synthetics generated using these wells were helpful in picking the top three 
formations, namely Eden Shale, Trenton Limestone and Knox Dolomite. The driller’s log of the 
two Binegar wells, the Wabash well and the Standard Oil Co. well are used to pick the three 
deeper formations and the Votaw limestone. The picks of Welder (2014) picks for the Eden, 
Trenton, Knox and Eau Claire Formations match well with this study. In the picking of the top of 
deeper formations, we disagree with Welder’s (2014) result.      
The synthetics generated using the nearby wells displayed similar synthetic 
characteristics. The same pattern of reflections is observed in all the synthetics with some minute 
variation in amplitudes. It is this similarity in the pattern of reflections that is used as the main 
criteria to pick horizons. The two distant wells incorporated in this study did reach the Mt. 
Simon, but the lateral distance introduces likely stratal variations that will result in poor 
resemblance in detail between synthetics and seismic. 
Eden Shale was picked as a negative reflection that lies beneath the topmost positive, 
more or less coherent reflection in the WSU-2013 seismic line. Synthetics created using well 
IGS 141330 (Fig. 21) and IGS 153115 (Fig. 22) were used to pick this formation top. The 
corresponding horizon picked on WSU-2013 correlates well WSU-2017.  
The Trenton was the easiest formation to pick. The synthetics from all wells matched 
accurately with the Trenton, provided each synthetic was adjusted for variation in the first log 
sample depth and the seismic datum. The Trenton was picked as the first big positive continuous 
reflection at a depth of around 1100 feet in both seismic sections.  
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The top of Knox was selected with the help of synthetics from well IGS 134404 (Fig. 20) 
and IGS 153115 (Fig. 22). Owing to the lithologic similarity in the Knox and the overlying 
Glenwood, it was difficult to pick the horizon both in synthetics and the seismic section. The top 
of Knox is selected as the positive reflection lying at a depth of about 1550 feet.  
The top of Eau Claire was selected as a negative reflection just below two positive 
reflections using synthetics generated from well IGS 134404 (Fig. 20). The depth was around 
2430 to 2450 feet in both seismic sections. The Wabash well (Fig. 23) and Standard Oil Co. well 
(Fig. 24) also aided the picking of the Eau Claire. 
Six nearby wells did not reach the Mt. Simon Sandstone and the Middle Run. So, the 
Binegar wells drillers log and the depth picked by Droste (2009) from the drill chip analysis were 
used as a guide to pick the deeper formations. Table 1 and 2 show all the major formations 
picked by the Indiana Geological Survey and Droste (IGS, 2009). Patterns in the synthetics 
generated using the Wabash and Standard Oil Co. well were used to obtain information about the 
seismic response of the deeper formations. 
Well 
Number 
Trenton Knox 
Eau 
Claire 
Mt. 
Simon 
Precambrian 
Middle Run 
Formation 
141770 1021 ft. 1450 ft. 2425 ft. 2998 ft. 3333 ft. 
141771 1013 ft. 1450 ft. 2423 ft. 3026 ft. 3351 ft. 
Table 1 - Major Formation tops picked by the Indiana Geological Survey (modified from  
Welder, 2014). 
 
Well 
Number 
Trenton Knox 
Eau 
Claire 
Mt. 
Simon 
Precambrian 
Middle Run 
Formation 
141770 1020 ft. 1450 ft. 2425 ft. 3000 ft. 
 
141771 1020 ft. 1450 ft. 2425 ft. 3000 ft. 3333 ft. 
   Table 2 - Major Formation tops picked by Droste (IGS, 2009). 
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The Mount Simon was picked using the driller’s log of the Binegar wells. Synthetics 
generated using the Wabash well (Fig. 23) showed that the top of Mt. Simon has a subtle change 
on sonic and density logs. As a result, there is no distinguishable change visible in the acoustic 
impedance response at the Eau Claire-Mt. Simon boundary. In the Wabash well, the top of the 
Mt. Simon was picked using gamma ray log which shows a decrease in the gamma ray value. 
The synthetics generated using the Wabash well and the Standard Oil Co. well suggest that Mt. 
Simon might be a negative reflection. The synthetic does match with a reflection at a depth of 
around 3050 feet (930 m) in WSU-2013 seismic line and at around 3030 feet (924 m) in the new 
WSU-2107 seismic line. The reflection changes its polarity laterally in both the seismic line 
which is plausible due to the lateral lithologic variation of the contact between the Eau Claire and 
Mt. Simon. Paramo (2002) also showed that the Mt. Simon is a discontinuous reflection in Allen 
County, OH.  Droste (IGS, 2009) picked all the major formations by analyzing the drill chips of 
Binegar wells. His picks were used as a guide to pick this formation. Droste picked the Mt. 
Simon at a depth of around 3000 feet (914 m) in the study area which will be roughly 3050 feet 
(930 m) in the seismic section accommodating the difference between seismic datum (1000 feet, 
305 m) and the surface elevation (around 946 feet, 288 m). 
The Middle Run Formation was selected at a depth of around 3344 feet (1019 m) in both 
seismic lines. There is a discrepancy in the depth to the top of the Middle Run picked by the 
drillers and Droste (IGS, 2009). Synthetics generated from the Allen County well (Figs. 24) 
suggested that the Middle Run might be a positive reflection. The mistie in seismic lines makes it 
difficult to correlate this pick from one line to another. 
 All the major formations picked are displayed in Figure 25 and 26.  
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3.6. Votaw limestone 
 Analysis of cuttings from the Binegar wells places the limestone layer 50 feet (15 m) 
below the top of the Middle Run Formation. Since the depth to the “top of the Middle Run” is 
controversial in the study area (Table 1 and 2), I used Mt. Simon as the reference to obtain the 
depth to the Votaw limestone, which is approximately 380 feet (116 m) below the top of the Mt. 
Simon. The boundary between the lithic arenite and limestone is expected to be a positive 
reflection. In both the seismic lines, there is a strong positive reflection around 3440 feet (1049 
m) (Figs. 27 and 28), which is interpreted as the limestone layer. The limestone layer is 
continuous across the WSU-2013 seismic line but loses its coherency in the middle portion of the 
new WSU-2017 line. The apparent mistie between the seismic lines also poses a problem to 
correlate the horizon from one line to another.  
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      The limestone layer is more or less horizontal in both east west and north south 
direction (Fig. 29 and 30). So, it is reasonable to consider drilling and sampling it with a 
conventional vertical well. It is also interesting to note that several positive reflections lie below 
this limestone layer in both seismic sections, although these reflections do lack coherency. Are 
these deeper reflections possibly additional limestone layers? Reflectors deeper than the Middle 
Run seen on seismic data in west central Ohio (Fig. 31), have not been drilled but were 
interpreted as silty or shaley layers or mafic flows or sills (Paramo, 2002). 
 
 
Figure 29 - The WSU-2013 and WSU-2017 seismic line displayed using the VuPAK module of the 
Kingdom software. The horizons identified from to top are Eden Shale (green), Trenton (red), Knox 
(blue), Eau Claire (pink), Mt. Simon (brown), Middle Run (blue) and Votaw limestone (green). The red 
arrow indicates North. 
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The regional extent of this limestone is yet to be discovered. The relationship of this 
limestone layer with the surroundings basins is not fully understood. In this study, I have 
attempted to put the limestone in regional perspective. 
In Clark County, Ohio; a limestone is found beneath the Mt. Simon apparently with no 
Middle Run Formation in between. Seismic study has found that this limestone may overlie a 
unit that has seismic characteristics similar to that of the Middle Run in Warren County, Ohio 
(Chen, 1994). Thus, the Clark County limestone would appear to be different in age than the 
Votaw limestone. These two limestones are also appearing to have different compositional 
characteristics. The Clark County limestone is rich in organic content. Wasson (1932) described 
this unit as a black carbonaceous limestone with numerous phosphate nodules and pyrite, 
whereas no large organic content has been reported in the gray colored Votaw limestone of the 
Binegar wells.     
In Warren County, Ohio, several strong positive dipping layers are evident below the 
Middle Run Formation (Shrake, 1991). These strong dipping layers have a similar reflection 
character to the Votaw limestone (Fig. 32). Initially, these dipping layers in Warren County were 
interpreted to be mafic flows or sills, but the lack of an associated potential field anomaly in 
Warren County has been suggested to contradict a mafic interpretation (Hauser et al., 2000) 
(Jones, 1988). My interpretation concurs with Hauser et al. (2000) that the dipping reflectors 
beneath the Middle Run could be limestone, making the Votaw limestone potentially regionally 
much more extensive than previously considered (Fig. 33).    
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Figure 32 – ODNR-1-88 seismic profile across the Middle Run type section. Middle Run (marked by 
“Top” and “Base”) is characterized by weak reflections which appears parallel with the underlying 
strong, positive reflective sequence. T = Trenton top, K = Knox top, E = Eau Claire top, and M = 
Mount Simon top (Shrake, 1991) 
 
 
Figure 33 – Model correlating the Votaw limestone with reflectors beneath the Middle Run in Warren 
County, Ohio. 
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But fundamentally what is the age and origin of this limestone? How thick is the limestone? 
These questions are important but beyond the scope of this study. Clearly, additional 2D/3D 
seismic data and future possible continental scientific drilling could shed light upon the origin 
and setting of the unique pre-Mt Simon limestone. 
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4. AVO  
 Differences in lithology and/or fluid content can cause variation in seismic reflection 
amplitude with changing source-receiver offset. In recent years, this phenomenon; also known as 
Amplitude Variation with Offset, has attracted much attention. Valuable clues to the fluid 
content of a formation are revealed using this technique. In this study, I applied this technique to 
model the amplitude characteristic of the Votaw limestone. The cutting analysis revealed that the 
limestone layer may have some minor amounts of quartz or other grains. As a result, this 
limestone layer did not produce a laterally consistent AVO gradient response. The amplitude 
variations of all the other formations are also examined in this study.   
 
4.1. AVO Class Description 
There are five different types of AVO classes as originally introduced by Rutherford and 
Williams (1989). The five classes were later modified by Castagna (1997). The five classes are 
as follows- 
1. Class 1: High Impedance contrast with decreasing AVO 
2. Class 2: Near Zero Impedance Contrast 
3. Class 2p: Near Zero Impedance Contrast that exhibits similar polarity change 
from positive to negative with offset. 
4. Class 3: Low Impedance with increasing AVO 
5. Class 4: Low Impedance with decreasing AVO 
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4.2. AVO Analysis 
 To perform AVO analysis, data in the prestack domain must be amplitude preserved, 
NMO corrected. The prestacked CDP’s for both seismic lines are processed by Tom McGovern 
of Seismic Earth Resources Technology (SERT). The files were loaded into Hampson Russell 
software to analyze the AVO response. From the prestack CDP’s a Super Gather was created for 
each line to amplify the signal. Then, the parabolic radon filter was applied to remove multiples. 
After this, the data was further filtered of random noise using a linear radon filter. A top mute 
filter was applied to the data to remove high amplitude noise. The Angle Gather processor was 
run to convert the AVO data to AVA (Amplitude vs Angle) gathers (Fig. 34).  To accomplish 
this in Hampson Russel software, stacking velocities were used in the angle gather processor. 
The stacking velocities were those provided by the processor, Tom McGovern. The Shuey’s 
Approximation of Zoeppritz equation is valid for incident angle below 30 degrees (Shuey, 1985). 
In the study area, the incident angle ranges from 0-31 degree in the zone of interest. While 
creating the angle gather any arrivals outside the 30 degrees range are omitted.   
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Figure 34 – Pre-stack CDP’s of WSU-2017 line displayed in Amplitude vs Angle (AVA) gathers. The top of 
Trenton (red), Knox (cyan), Eau Claire (pink), Mt. Simon (brown), Middle Run (blue) and Votaw 
limestone (red) are identified. 
 
The gradient analysis is displayed in Figure 35 and 36 for both WSU-2013 and WSU-
2017 seismic line. The gradient is mostly negative, but it sometimes changes to slight positive 
values. The gradient is dependent on the Poisson’s ratio. A positive gradient indicates an increase 
in Poisson’s ratio and vice-versa. There is no information available on the fluid content of the 
limestone layer. A water filled sandstone has a Poisson’s ratio of around 0.25 and limestone has 
a Poisson’s ration of 0.33. But the Votaw limestone in the study area is not pure. The study of 
cuttings revealed the presence of minerals other than calcite for example quartz, which has a very 
low Poisson’s ratio. The impurity of the limestone might be the reason causing a decrease in 
AVO gradient.       
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Figure 35 - The AVO gradient analysis of the WSU-2013 seismic line. The top of the Eau Claire 
(pink), Mt. Simon (brown), Middle Run (blue) and Votaw limestone (red) are identified and 
labeled. Note the gradient change of the carbonate layer. 
1.  
Figure 36 - The AVO gradient analysis of the WSU-2017 seismic line. The top of the Eau Claire 
(pink), Mt. Simon (brown), Middle Run (blue) and Votaw limestone (red) are identified and 
labeled. Note the gradient change of the carbonate layer. 
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Based on the formation top picks from the stacked seismic section, the top of Trenton is 
at 200 ms. The Trenton exhibits Class 1 AVO response. The Knox has a little lithologic variation 
with the overlying Glenwood Formation, thereby falling into Class 2 category. The reflection at 
350 ms is interpreted as the Eau Claire and displays Class 4 anomaly. The top of the Mt. Simon 
is interpreted to be around 450 ms. The Mt. Simon has a higher impedance contrast with the 
overlying Eau Claire, thereby displaying Class 1 AVO response. The Middle Run showed Class 
3 or 4 AVO response owing to lower impedance contrast with the overlying Mt. Simon. The 
Votaw limestone showed Class 1 AVO response, consistent with the Trenton AVO response. 
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5. SUMMARY & CONCLUSIONS 
This purpose of this study was to determine the true orientation of the Votaw limestone layer 
in Jay County, Indiana. This study is a follow up of Welder’s (2014) research done in the same 
area, a study which investigated the limestone layer by collecting an east-west seismic line. The 
motivation for this study stemmed from the discovery of the limestone layer beneath the Mount 
Simon in 1940’s. The only other place, where limestone is discovered beneath the Mt. Simon in 
the region is Clark County, Ohio (Wasson, 1932).  
 Welder’s (2014) work showed that all reflectors, including the limestone layer are 
horizontal in the E-W direction. To obtain information about its North-South orientation a 
seismic line was collected in the same study area perpendicular to the older seismic line. The line 
was professionally processed by Tom McGovern of SERT, who also processed the WSU-2013 
seismic line. Geophysical well logs within 10 miles radius of the study area were used to create 
synthetics to aid in picking the top of major formations. A deep well from north central Indiana 
(Wabash well) and a deep well from Allen County, Ohio (Standard Oil Co. well) were used for 
picking the Eau Claire, Mt. Simon and Middle Run Formations.   
 The Wabash well, the Standard Oil Co. well, and the drillers log of the two Binegar wells 
were used for picking the Votaw limestone. To compare to the drillers logs, the seismic lines 
were converted into the depth domain using RMS velocities. The depth conversion of the WSU-
2013 produced changes in depth for deeper reflections that were not detected by Welder (2014) 
leading to its reinterpretation here. 
 With the help of synthetics, the Binegar well logs, and two deeper wells (Wabash well 
and Standard Oil Co. well), the top of the Eden, Trenton, Knox, Eau Claire, Mt. Simon, and 
Middle Run Formations were picked in both the WSU-2013 and WSU-2017 seismic lines. The 
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limestone layer beneath the Middle Run Formation was identified on the seismic section as a 
positive reflection at a depth of 3,440 feet. This limestone layer appears conformable to the 
overlying formations in both east-west and north-south direction. 
The pre-stack CDP’s were used to examine the AVO response of the Votaw limestone as 
well as the other major formations. The Votaw limestone showed a Class 1 AVO response with a 
mostly negative gradient, but variations in the response suggest the limestone is impure and has 
variable composition. The Trenton produced a Class 1 AVO response. The Knox displayed a 
Class 2 AVO response. The Eau Claire displayed a Class 4 anomaly. The top of the Mt. Simon 
exhibited a Class 1 AVO response whereas the Middle Run showed a Class 3/4 AVO response.  
This study showed that the limestone layer found in the Binegar wells is horizontal in 
both E-W and N-S directions. The depth to the bottom of the limestone layer cannot be 
determined, but deeper reflections are present in the seismic lines. Because the limestone has a 
horizontal orientation it is possible now to suggest that a vertical drill hole could sample the 
entire limestone sequence in this study area. The ultimate depth and regional extent of the 
limestone sequence is unknown; however, based on seismic evidence this limestone could lie 
beneath the Middle Run Formation in Warren County, Ohio as originally suggested by Hauser et 
al., (2000).  
A combination of drilling and seismic surveys could provide insights about the possibility 
that limestone may be more widely present below the Mt. Simon Sandstone than previously 
considered. 
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